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We present a structural analysis of the substituted system (Ba1−xSrx)CuSi2O6, which reveals
a stable tetragonal crystal structure down to 1.5K. We explore the structural details with low-
temperature neutron and synchrotron powder diffraction, room-temperature and cryogenic high-
resolution NMR, as well as magnetic- and specific-heat measurements and verify that a structural
phase transition into the orthorhombic structure which occurs in the parent compound BaCuSi2O6,
is absent for the x = 0.1 sample. Furthermore, synchrotron powder-diffraction patterns show
a reduction of the unit cell for x = 0.1 and magnetic measurements prove that the Cu-dimers
are preserved, yet with a slightly reduced intradimer coupling Jintra. Pulse-field magnetization
measurements reveal the emergence of a field-induced ordered state, tantamount to Bose-Einstein-
condensation (BEC) of triplons, within the tetragonal crystal structure of I 41/acd. This material
offers the opportunity to study the critical properties of triplon condensation in a simple crystal
structure.
I. INTRODUCTION
Magnetic insulators with Cu2+ dimers are suitable
materials to study quantum many-body effects under
variable conditions. The occurrence of magnetic field-
induced ordered states, which can be described as Bose-
Einstein condensation (BEC) of triplons in this type of
compounds provide a platform to study this ordered state
in great detail, e.g., by investigating scaling laws of ther-
modynamic quantities [1]. The main idea behind this is
that dimers of two Cu2+-ions, which each carry a spin
1/2, can be mapped onto bosons to realize a BEC [2].
A prominent material where the appearance of a field-
induced BEC of triplons was reported, is BaCuSi2O6 [3],
owing its particular structure to layers of closed rings
of SiO4 tetrahedra bridged by vertically arranged Cu
2+
dimers which form a square lattice (see Fig. 1). It was
proposed that frustrated inter-dimer couplings between
the dimer layers lead to a dimensional crossover at the
quantum phase transition from a paramagnetic to a field-
induced magnetically ordered state [4]. However, it is
known since 2006, that BaCuSi2O6 undergoes a first-
order structural phase transition at T ∼ 100K from
a high-temperature tetragonal to a low-temperature or-
thorhombic symmetry, followed by a weak incommensu-
rability of the crystal structure [6–8] which thus leads to
two different kinds of dimers in adjacent layers. The im-
pact of these two types of dimers on the peculiar prop-
erties of the reported BEC of triplons and the role of
the frustration in this material are still under debate
[7, 9, 10].
Mazurenko et al. [11] showed by performing den-
sity functional theory (DFT) calculations based on low-
temperature structural data of the orthorhombic crys-
tal structure, that the frustration between dimer layers
is released due to the presence of a significant antiferro-
magnetic interaction between the upper site of one dimer
and the bottom site of the neighbor dimer. Such a find-
ing, backed by elastic neutron scattering data, questioned
existing theories based on the presence of interlayer frus-
tration. Recently, low-temperature high-resolution NMR
(nuclear magnetic resonance) measurements [12] detected
broadened 29Si lines with complex line shape in the or-
thorhombic phase suggesting a more complex structure
than originally thought, which complicates the under-
standing of the observed field-induced BEC of triplons
at low temperatures.
In view of the existing controversy, we follow in this
work a different strategy to avoid the influence of the
structural phase transition. We present results of a suc-
cessful partial substitution of Ba by Sr which reveals to
a stable tetragonal phase of BaCuSi2O6 down to the
lowest temperature of our experiment of 1.5K. With
only one type of dimers in the structure and the ab-
sence of structural modulations down to lowest temper-
atures, such systems allow for the investigation of the
critical properties of field-induced ordered states with-
out having to deal with complications from the crys-
tal structure. We further present a detailed charac-
terization of Ba1−xSrxCuSi2O6 based on synchrotron
and neutron diffraction measurements, NMR, thermo-
dynamic measurements and DFT calculations and show
that magnetization and susceptibility measurements for
Ba1−xSrxCuSi2O6 at x = 0.1 display a field-induced or-
2dered state around 22 T.
FIG. 1. (Ba1−xSrx)CuSi2O6 structure for x = 0.1. (a) Gen-
eral view showing the arrangement of the Cu-dimers (blue)
and the SiO4 tetrahedrons (grey) (b) View close to the c-axis
depicting the square lattice arrangement of the dimer layers,
with highlighted CuO4 plaquets (blue).
II. EXPERIMENTAL DETAILS
Polycrystalline (Ba1−xSrx)CuSi2O6 powder samples
were prepared by sintering BaCO3, SrCO3, CuO and
SiO2 where the initial weight percentage of BaCO3 was
substituted by 5, 10, 20 and 30% SrCO3. The powder was
ground and sintered in an aluminum oxide crucible in air
at 1029°C (for 5%), 1028°C (for 10%), 1025°C and 1020°C
for 2 months with several steps of grinding in between.
Even after these long sintering times there is still a small
amount (< 5%) of impurities, which are the competing
pre-phase BaCu2Si2O7 and end-phase BaCuSi4O10, in
the silicate formation [13]. We could not manage to syn-
thesize compounds with Sr contents higher than 30%,
but it also has to be noted that the pure SrCuSi2O6
phase has not been reported so far. Also a polycrys-
talline BaCu(Si1−yGey)2O6 powder sample with 10% of
SiO2 substituted by GeO2 was obtained by sintering at
1027°C.
Single crystals were grown with pre-sintered
(Ba1−xSrx)CuSi2O6 powder spread in a boat-shaped
platinum crucible. This crucible was placed in a tube
furnace with an oxygen atmosphere of 1 bar where a
viscous melt is reached at a temperature of 1150°C,
followed by crystallization using a cooling rate of 12
K/h. Here the oxygen is used to suppress the decay
of copper oxide 2CuO → Cu2O +
1
2
O2 as described
previously [3]. The details of the crystal growth and the
influence of oxygen atmosphere on the crystal structure
will be reported elsewhere [5].
The pure BaCuSi2O6 crystals were grown in a plat-
inum crucible with KBO2 flux and a molar ratio of 1 :
2 (flux : powder) at 950 °C, where similar to [14], the
crystallization starts as a consequence of an oversatura-
tion caused by evaporation and some crawling due to a
wetting of the crucible.
The powder diffraction experiments were carried out
with two different diffraction techniques: the high-
resolution powder neutron diffractometer HRPT [15] at
the spallation neutron source SINQ and the Powder
Diffraction station of the Materials Sciences Beamline
(MS-PD) [16] at the Swiss Light Source, both at the
Paul Scherrer Institute in Villigen. For the HRPT ex-
periments, an amount of ∼ 1 g of Ba0.9Sr0.1CuSi2O6 was
enclosed into a vanadium can with an inner diameter of
6mm and the measurement was carried out at room tem-
perature, as well as at 1.5K in a 4He bath cryostat.
The synchrotron X-ray diffraction data were collected
with the SLS-MS Powder Diffractometer on a powder
sample enclosed in a capillary with a diameter of 0.3 mm,
which was placed in a Janis flow-type cryostat (4 - 300K).
The Microstrip Mythen-II detector was used, which al-
lowed for high counting rates while maintaining the high
resolution which was essentially sample-conditioned. The
typical counts of ∼ 2 · 105 in the strongest peaks were
achieved within ∼ 1 minute.
The high-resolution powder NMR-spectra were
recorded with a Bruker AVANCE-II spectrometer at-
tached to a 8.45T magnet using home built MAS-NMR
probes for 1.8mm rotors at the National Institute
of Chemical Physics and Biophysics in Tallinn. At
room temperature spectra were recorded at 35 kHz
sample spinning speed and at low temperatures they
were recorded at about 30 kHz. At fast magic angle
spinning (MAS) the broad NMR line of a powder sample
transforms into the single peak at the isotropic value of
the magnetic shift interaction [17]. If the spinning speed
is less than the magnetic shift anisotropy in frequency
units, then the main peak is accompanied by a number
of spinning sidebands at multiples of the spinning speed
value from the main peak. Although, the pattern of
many spinning sidebands seems complicated, it tells
us unambiguously how many inequivalent nuclear sites
exist in the structure. The main purpose for using this
technique here is to show, that there is only one silicon
site in doped BaCuSi2O6 at room temperature and at
low temperature as well, whereas the 29Si MAS NMR
spectrum of the parent compound shows the appearance
of additional 29Si resonance lines below T < 100 K [12].
Specific heat data were taken by using the stan-
dard option of a Physical Property Measurement System
(PPMS) of Quantum Design with a high heating pulse
technique discussed in chapter V.
The magnetic properties of several single crystals and a
powder sample were determined in the temperature range
2 K ≤ T ≤ 300 K and in magnetic fields B ≤ 5 T using a
Quantum Design SQUID magnetometer. All data have
been corrected for the temperature-independent diamag-
netic core contribution of the constituents according to
[20] and the magnetic contribution of the sample holder.
3High-resolution magnetization measurements were
performed in a capacitor-driven pulse-field setup with
which experiments can be performed up to 58T with a
pulse duration of 21ms. The setup was equipped with
a 4He-bath cryostat. The sample was placed in a 1266
stycast can with a diameter of 3mm.
III. STRUCTURAL CHARACTERIZATION AT
ROOM TEMPERATURE
We performed a refinement of the crystal structure
parameters at room temperature by a combined analy-
sis of neutron and synchrotron X-ray powder diffraction
data. The neutron diffraction HRPT results on 1 g of
Ba0.9Sr0.1CuSi2O6 powder are shown for the room tem-
perature measurement in Fig. 2 (black curve). The un-
derlying refinement of the tetragonal I 41/acd structure
(red curve) fits well the measured data. Furthermore, we
find a good agreement between the neutron data and the
synchrotron data as shown in Table I (x = 0.1).
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FIG. 2. Rietveld refinement of the crystal structure parame-
ters of (Ba1−xSrx)CuSi2O6 compound with a x = 0.1, based
on neutron powder diffraction data at 300 K. The observed
intensity (black), calculated profile (red), and difference curve
(blue) are shown. The rows of ticks at the bottom correspond
to the calculated diffraction peak positions of the phases (from
top to bottom): BaCuSi2O6, BaCu2Si2O7 (2.7% wt.) and
BaCuSi4O10 (1.5% wt.).
In addition to the powder data, a crushed single crys-
tal of Ba0.9Sr0.1CuSi2O6 was measured with synchrotron
X-ray diffraction at room temperature and the measured
data together with the refinement is shown in Fig. 3. We
observe that the tetragonal structure is preserved at dop-
ing levels up to 30% at room temperature. The unit cell
dimensions decrease with increasing strontium amount.
This can be seen in a shift of the diffraction peaks to
higher angles (see the inset in Fig. 3) and in the evolu-
tion of the unit cell parameters in Table I. This continu-
ous evolution evidences that the Sr is built in, replacing
the larger Ba atoms. In addition, the synchrotron data in
the inset of Fig. 3 indirectly indicate a homogeneous dis-
tribution of strontium in the material, since the FWHM
(full-width at half minimum) values show no significant
increase with increasing strontium content. For example,
the FWHM’s of the (624) peak are 0.046°, 0.050°, 0.049°
and 0.051° for compounds with x = 0.05, 0.1, 0.2 and 0.3
respectively. Comparing neutron data from a BaCuSi2O6
powder to the x = 0.1 powder we see that introducing Sr
into the structure causes a slight peak broadening, which
is qualitatively indicative to the presence of microstrains
in the substituted materials. A further effect is that a de-
creased thermal expansion is observed, which influences
the Cu-Cu distances and the different exchange couplings
J at low temperatures in Table II.
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FIG. 3. Rietveld refinement of the crystal structure param-
eters of (Ba1−xSrx)CuSi2O6 crushed single crystal with a
x = 0.1, based on synchrotron X-ray powder diffraction data
at a) 295 K and b) 4 K. The rows of ticks in the middle
correspond to the calculated diffraction peak positions of the
phases (from top to bottom): BaCuSi2O6, diamond powder
(added to reduce the absorption) and BaCuSi4O10 (3.4 %
wt.). The inset shows synchrotron X-ray powder diffraction
data of the (624) peak measured at 295K of polycrystalline
samples with various substitution levels.
The results of all refinements and of the energy disper-
sive X-ray spectroscopy (EDX) measurements are pre-
sented in Table 1 and it is apparent, that the actual Sr
content slightly varies from sample to sample. As a gen-
eral trend, the amount of strontium, x, in the powder
is lower than the nominal one and this value further de-
creases in the single crystals. The occupation refinement
value x is compared to the data obtained from the EDX
analysis in a Zeiss DSM 940A scanning electron micro-
scope (SEM) on both powder and single crystals. The Sr
content from the EDX measurement on the powder sam-
ples seems to be slightly overestimated compared to the
value from the refinement. The reason for this is possi-
bly related to Sr-enriched foreign phases, which increase
4TABLE I. Summary of the refinement and EDX results of several samples of the series (Ba1−xSrx)CuSi2O6 and a sample of
BaCu(Si1−yGey)2O6. The abbreviations are as following: neutron diffraction (N), synchrotron diffraction (S), polycrystalline
powder or crushed crystal (P), and single crystal sample (SC).
Nominal value x = 0.05 x = 0.1 x = 0.2 x = 0.3 y = 0.1
Powder/
Single crystal
P SC P P P P
xEDX value 0.08(1) 0.08(2) 0.13(1) 0.19(2) 0.33(3) 0.08(2)
Neutron/
Synchrotron
S S [18] N [18] S S S S
xrefined value 0.03 0.05 0.07 0.09 0.16 0.26 0.08
Temperature 295K 295K 4K 300K 1.5K 295K 295K 295K 295K
a [A˚] 9.97331(2) 9.97223(2) 9.95830(5) 9.9627(3) 9.9508(2) 9.95888(2) 9.94442(1) 9.93810(3) 9.9935(1)
c [A˚] 22.30826(6) 22.31379(4) 22.3246(1) 22.2774(7) 22.2815(5) 22.27168(6) 22.23223(5) 22.2129(1) 22.4325(2)
V [A˚3] 2218.93 2219.08 2213.88 2210.58 2205.31 2208.89 2198.58 2193.88 2240.33
the amount of Sr in the EDX result, while in the refined
results they are refined seperately. Also SrO impurities
cannot be detected in diffraction experiments, since it de-
cays and becomes amorphous. For clarity, we will use in
the following the nominal values to describe the samples.
*
* x = 0
x = 0.1
Magnetic shift K[%]
*
* x = 0.2
*
SrxBa1-xCuSi2O6
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FIG. 4. 29Si MAS-NMR spectra at T = 300K with a reso-
nance frequency of 71.5 MHz of 29Si on BaCuSi2O6 (bottom
spectrum) and Sr substituted BaCuSi2O6 as noted in the fig-
ure. The asterisks denote spinning side bands. Decomposi-
tion of the spectra can be seen by analyzing the green fitting
curves. Homogeneous substitution of Ba by Sr is clearly re-
flected in the 29Si MAS-NMR spectra.
To have a further insight into the distribution of Sr
in the samples, room-temperature, high-resolution 29Si-
NMR measurements were done on the Sr-powder sub-
stitution series. The results of the chemical shift K are
depicted in Fig. 4 and a broadening of the main peak
around K ∼ 0.05% is apparent. This line broadening
can be explained, assuming a random distribution of Sr
on the Ba sites. In BaCuSi2O6, each silicon atom, which
is the probed NMR nuclei, has two Ba nearest neighbors.
For the x = 0.1 compound the probability to have a sili-
con atom with two Ba neighbors is 0.81, with one Ba and
one Sr 0.18, and with two Sr neighbors only 0.01, if Sr
is homogeneously distributed over the Ba sites. There-
fore, one would expect a peak splitting of the main 29Si-
NMR line into a triplet with an intensity ratio of (0.81
: 0.18 : 0.01). Looking at the spectra in Fig. 4, such a
peak splitting is indeed observed. At 10% Sr concentra-
tion the spectrum shows the main line at 0.0536% and
a shoulder at 0.0444%. The intensity ratio of these lines
is (0.83 : 0.17), which is in nice agreement, with the ex-
pected splitting, although the peak with two Sr sites is
below the detection limit.
The main lines in the spectrum of 20% Sr are posi-
tioned at 0.0526%, 0.0427% and 0.0310% with an inten-
sity ratio of (0.55 : 0.38 : 0.07), in rough correspondence
with the expected site distribution, which would lead to
a side distribution of (0.64 : 0.32 : 0.04). The main lines
in the spectrum of 30% Sr substituted compound are at
0.0520%, 0.0414% and 0.0280%. The intensity distri-
bution of the lines (0.51 : 0.42 : 0.07) is again in good
agreement with a random distribution of Sr sites (0.49 :
0.42 : 0.09).
IV. INVESTIGATION OF THE ABSENCE OF A
STRUCTURAL PHASE TRANSITION
We discuss now the low-temperature diffraction data
obtained both in measurements on powder as well as sin-
gle crystal samples with the nominal Sr concentration
x = 0.1. The absence of a structural phase transition
down to the lowest measured temperatures could be ver-
5ified in neutron and synchrotron diffraction. In Fig. 3 b)
the Rietveld refinement of the same crushed single crys-
tal as in Fig. 3 a) is presented for measurements at 4
K. This data set can be refined, using the same tetrago-
nal crystal structure with space group I 41/acd, which is
observed also at room temperature. The corresponding
results of the refinement are shown in Table I.
Further evidence for the absence of a structural phase
transition is presented in Fig. 5, where the temperature-
dependent synchrotron data across the expected transi-
tion temperature are shown. We choose the (604) and
(620) reflexes in a temperature window from 10 to 110K
to make a comparison with Ref. [7] possible, where cor-
responding data were shown for x = 0. There, a well
resolved peak splitting is observed as shown for com-
parison in the back of Fig. 5. In the whole tempera-
ture region for the x = 0.1 sample, no peak splittings
or shifts beyond the expected thermal expansion could
be observed. Similar results were obtained with neutron
diffraction at 1.5K, where on a polycrystalline sample,
with slightly higher Sr concentration, also no structural
phase transition could be detected. The same suppres-
sion of the phase transition was observed for a 10 % Ge
doped powder sample (y = 0.1 in Table I) in synchrotron
measurements in the range of 4 K < T < 295K.
FIG. 5. Synchrotron X-ray powder diffraction data of an
x = 0.1 crushed single crystal from 35 to 110K. In the back
a measurement of the x = 0 powder at 30 K is shown (black
line), demonstrating how the peak splitting due to the tran-
sition would look like (data taken from of Ref. [7]). The
suppression of the structural phase transition is apparent,
since for Ba0.9Sr0.1CuSi2O6 the (604) and (620) reflexes do
not split.
Next to the scattering experiments (sensitive to long-
range structures), we also performed cryogenic high-
resolution 29Si NMR which show the absence of the tran-
sition in short-range correlations. The spectra show that,
unlike the case of the parent compound BaCuSi2O6,
where two different 29Si resonance bands were found
below the phase transition at T ∼96 K [12], there is
clearly only one resonance line in the studied temper-
ature range 37 K ≤ T ≤ 300 K (see figure 6). With
lower temperatures there is a natural line broadening
due to high magnetic suscebtibility of the powder par-
ticles which is not averaged by MAS, making the struc-
ture (shoulders) caused by Sr less and less detectable.
The isotropic value of the 29Si magnetic hyperfine shift in
the x = 0.1 sample at room temperature for silicon with
two Ba neighbors K = 0.0536 % is equal to the value
in pure BaCuSi2O6 (K = 0.0535 %). In paramagnetic
compounds the isotropic magnetic shift K is proportional
to the magnetic suscebtibility χM as: K =
Hhf
NAgµB
χM
where Hhf is the hyperfine field at the nucleus, NA is
the Avogadro’s number, g and µB are the g-factor and
the Bohr magneton, respectively. Equal magnetic hy-
perfine shifts result from equal hyperfine fields at sil-
icon in Ba0.9Sr0.1CuSi2O6 and in the parent compound
BaCuSi2O6.
A complementary measurement technique to detect
first-order structural phase transitions is the heat ca-
pacity measured around the suspected phase transition.
The advantages of this method are that the measurement
is fast, the single crystals are kept intact and can be
small. We measured specific heat data from 10 to 130 K
with heating pulses of up to 10 K of single crystals with
and without strontium substitution. As a consequence of
the first-order nature of the structural transition in pure
BaCuSi2O6, latent heat is expected, which easily can be
detected as a small plateau during a continuous heating
cycle (inset of Fig. 7) as described in Ref. [19]. This
results in a diverging specific heat at the transition tem-
perature as evident from the large peak in the main part
of Fig. 7 (black curve). As this is a first-order transition,
we observe a small satellite peak at higher temperatures,
due to hysteresis effects upon heating and cooling. This
anomaly is found to be absent for Sr-substituted samples,
which is exemplarily shown for one x = 0.1 single crystal
in Fig. 7 (red curve).
V. MAGNETIC CHARACTERIZATION
After having established that in Sr-substituted
BaCuSi2O6 the structural transition into the orthorhom-
bic structure is suppressed, the question arises, how these
structural differences influence the magnetic properties
at low temperatures and high magnetic fields. Here,
we present magnetic susceptibility measurements on a
Ba0.9Sr0.1CuSi2O6 single crystal down to 2K together
with high-field magnetization measurements up to 50T
at 1.5K. For comparision, we also studied a single crystal
of the undoped parent compound.
Using a SQUID magnetometer we determine the mo-
lar magnetic susceptibility of a BaCuSi2O6 single crys-
tal of 8.79 mg. Futhermore we measured two x = 0.1
single crystals with masses of 4.07mg (#1) and 5.29mg
(#2) and a Ba0.9Sr0.1CuSi2O6 powder sample of 110mg
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FIG. 6. The temperature dependence of 29Si MAS-NMR
spectrum of Ba0.9Sr0.1CuSi2O6. At magic-angle spinning the
NMR spectra consist of the main line at isotropic magnetic
shift and of a number of spinning sidebands at multiples of
the sample-spinning frequency from the main line. For clar-
ity the main lines in the spectra are colored and the spinning
sidebands are marked with asterisks. The insert shows the
proportionality of the isotropic magnetic shift to the molar
susceptibility measured in a PPMS on the same sample at
8.45 T. Here the susceptibility values are given by the full
line and circles correspond to the isotropic shift values.
in the temperature range 2K ≤ T ≤ 300K in a field
of 1T. A powder sample of this size ensures an optimal
filling factor of the pick-up coil in the pulse-field exper-
iments. In addition, we determine the magnetization of
the powder up to 5 T at 2 K. The single crystals and
the powder sample are of high quality as reflected by
low paramagnetic (spin-1/2) impurity levels of 0.8 % for
#1, 1.5 % for #2 and 5.5 % for the powder. For the un-
doped single crystal this spin-1/2 impurity level amounts
to about 1.0 %. These impurities might arise from para-
magnetic BaCuSi4O10 [23], observed in our x-ray and
neutron diffraction data.
In a first attempt to extract the relevant magnetic
coupling parameter Jintra (intradimer Cu-Cu exchange)
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FIG. 7. Specific heat data of a BaCuSi2O6 single crystal
grown in KBO2 flux as well as a Ba0.9Sr0.1CuSi2O6 single
crystal grown with oxygen partial pressure. The inset shows
a single heat pulse in the vicinity of the structural phase tran-
sition of the BaCuSi2O6 single crystal.
(main panel of Fig. 8) and Jinter (average interdimer
exchange) we performed combined fits of χm for B⊥c
and B‖c. For the g-factor, treated as the only indepen-
dent parameter in fitting the two data sets, we obtained
g⊥c = 2.07 and g‖c = 2.32. These are the typical values
for Cu2+ ions in a square-planar environment [22]. For
the antiferromagnetic intradimer coupling constant the
fit yields Jintra = 46.7(5) K for #2 together with an anti-
ferromagnetic coupling between dimers of Jinter = 10(2)
K. For #1 (not shown) a fit of comparable quality re-
sults in slightly different values of Jintra = 47.7(5)K
and Jinter = 8(2) K. We believe that these differences
in the magnetic coupling constants are due to deviations
in the actual Sr concentrations from x = 0.1, as discussed
above. These numbers can be compared with the results
on the parent compound BaCuSi2O6. From fitting the
data of the undoped single crystal in the same way as
for crystals #1 and #2 (see the inset of Fig. 8 for B⊥c)
we obtain a sightly higher value for Jintra = 50.4(5)K
together with Jinter = 8(2)K and a g-factor of 2.08. On
the semi-logarithmic scale of the inset of Fig. 8 this small
difference is directly visible in the shift of the maxima.
Note, that these magnetic coupling constants are sim-
ilar to the ones obtained in Ref. [3] where they were
determined from the slope of the M(H) curves at 37 T
for different temperatures using a Quantum Monte Carlo
algorithm.
In Fig. 9 we show the results of the magnetization,
M , as a function of magnetic field up to 50T at a bath
temperature of 1.5K. In small fields we observe a mild
increase of M which levels off at intermediate fields.
We assign this to the Brillouin function of uncoupled
Cu2+(spin-1/2)-ions. By subtracting the corresponding
contribution from the raw data we find zero magnetiza-
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FIG. 8. Molar susceptibility of single crystal #2 for B⊥c
(full red circles) and B‖c (full black circles) together with
χm of the powder sample (blue broken line) measured as a
function of temperature. Due to the random orientation of
the micro crystals in the powder, its susceptibility lies between
the data for B⊥c and B‖c. The data of #2 for the different
orientations are fitted with a random-phase approximation
(RPA) according to [24] together with a Curie contribution
resulting from isolated S = 1
2
impurities (fits are the full
green lines). The full orange line corresponds to the expected
χm (T ) using high-temperature series expansion (HTSE) [31]
with the magnetic coupling constants taken from the DFT
calculation, see chapter VI. Inset: χ (T )of #2 (full red circles)
together with the data of an undoped single crystal (open cyan
circles) for B⊥c. The solid lines are fits to the data using a
RPA expression given in Ref. [24].
tion up to a field of around 22T. With further grow-
ing field, M(B) increases almost linearly with B, until
the saturation is reached at Bc2 around 48T. The small
deviations between the field-up and field-down data are
due to the magnetocaloric effect (MC), i.e., temperature
changes due to changes of the magnetic field, in combi-
nation with the peculiar field-time characteristic of the
pulse-field set up. The largest MC is expected for fields
≤ 5T and around the critical fields Bc1 and Bc2, with
Bc1 denoting the onset field of the field-induced order. In
order to determine Bc1, we numerically differentiate the
data and obtain the magnetic susceptibility, shown in the
inset of Fig. 9. We define Bc1 as the inflection point of the
χ (B) curve in analogy to the criterion used in Ref. [3].
For the powder sample we obtain Bc1 = 23.5T at a tem-
perature of about 2K. This temperature is corrected for
the MC. For a stack of single crystals (not shown here)
we obtained a slightly smaller value of 22.3T. Since Bc1
scales with Jintra/g, a slight reduction observed in Bc1
for the single crystals would be consistent with a 10%
larger g-factor for fields perpendicular to the planes even
though Jintra is slightly (maximally 5%) enhanced. As
estimated in Ref. [11] a Bc1 around 22T corresponds to
one of the dimer layers (layer A) in the orthorhombic
low-temperature phase. This layer is structurally similar
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FIG. 9. Magnetization of the Ba0.9Sr0.1CuSi2O6 powder sam-
ple up to 50T measured at a bath temperature of 1.5K. The
black solid line represents the data taken during increasing
field with a rise time of 8ms whereas the red solid line shows
the magnetization with decreasing field with a decay time of
17 ms. The blue solid points are the SQUID data taken at
2K. They follow a Brillouin-function corresponding to a con-
centration of 5.5 % uncoupled Cu2+(spin-1/2)-ions. These
data are used to calibrate the pulse-field experiments and
they allow a rough estimate of the magnetocaloric effect which
amounts to ∆T ≃ +1.5K for the field-up curve and ≃ -0.5K
for the field-down curve with respect to the bath temperature.
to the dimer layers in the tetragonal I41/acd structure of
BaCuSi2O6.
VI. ELECTRONIC STRUCTURE
CALCULATIONS
In order to provide a more detailed analysis of the Cu-
Cu interactions in Ba0.9Sr0.1CuSi2O6 beyond the Jintra
and Jinter estimates from the previous section, we per-
form density functional theory calculations on the neu-
tron and synchrotron diffraction refinements of 10% Sr
doped BaCuSi2O6 samples (see Table I, x = 0.1) at room
and low temperatures. We employ the all electron full
potential local orbital (FPLO) code [26] using a gener-
alized gradient approximation [27] exchange and corre-
lation functional and correct for the strong correlations
on the Cu2+ 3d orbitals with the GGA+U [28] func-
tional. We lower the symmetry of (Ba1−xSrx)CuSi2O6
from I 41/acd to C 2 in order to make eight Cu sites
inequivalent and calculate the total energies of 21 dis-
tinct spin configurations for each of the four structures.
Note that the isoelectronic substitution of 10% Sr2+ for
Ba2+ is reflected in the calculation only by the exper-
imentally determined lattice constants and interatomic
distances but not by actual replacement of Ba sites in
a supercell approach. The 21 energies can be fitted [30]
against five Heisenberg exchange couplings Ji with very
8TABLE II. Calculated exchange couplings for the
(Ba1−xSrx)CuSi2O6 structures with nominal x = 0.1
given in Table 1. A GGA+U functional with U = 8 eV and
JH = 1 eV is used. The abbreviations are neutron diffraction
(N) and synchrotron diffraction (S). In addition, couplings
for pure tetragonal BaCuSi2O6 (structure from Ref. 33) are
given in the last two lines.
T (K) J1 (K) J2 (K) J3 (K) J4 (K) J5 (K)
N
1.5 51.6(1) -0.27(1) -0.41(1) 0.0(1) 7.9(1)
300 58.6(1) -0.27(2) -0.35(1) 0.0(1) 8.3(1)
S
4 60.2(1) -0.25(1) -0.41(1) 0.0(1) 8.0(1)
295 56.7(1) -0.28(4) -0.29(3) 0.0(1) 8.3(3)
x = 0 200 58.7(1) -0.23(1) -0.39(1) 0.0(1) 8.4(1)
x = 0 [11] 300 53 -0.3 -0.4 – 7.9
high accuracy, leading to very small error bar from the
statistics. Note that the sub-Kelvin error bars result
from the particularly well defined S = 1
2
moments of
Cu in BaCuSi2O6, leading to very precise mapping of
the 21 DFT total energies to the Hamiltonian with five
exchange couplings. The results for GGA+U interac-
tion parameters U = 8 eV and JH = 1 eV are given
in Table II. The parameters U = 8 eV and JH = 1 eV
are chosen on the upper end of the interaction param-
eter range U ∈ [6, 8] eV considered in previous studies
for Cu2+ in square-planar oxygen environment [29, 32].
The five exchange paths are visualized in Fig. 10. Jintra
as introduced in the previous section, corresponds to J1
while Jinter corresponds to a non-trivial average of inter-
dimer Cu-Cu interactions including J2, J3, J4 and J5. In
Table II we also show the calculated exchange parame-
ters for the x = 0 structure at 200K (Ref. [33]) and in-
clude, for comparison, the results calculated in Ref. [11]
for the room-temperature tetragonal BaCuSi2O6. We ob-
serve (i) a good agreement between our estimates and
those of Ref. [11] for x = 0 in the tetragonal phase and
(ii) a reasonably good agreement between our ab ini-
tio-calculated intradimer J1 and Jintra obtained in the
previous section. We use a high-temperature series ex-
pansion [31] in order to check if the calculated exchange
couplings can explain the experimentally measured sus-
ceptibility. The values we obtain for the T = 1.5 K neu-
tron structure produce the orange curve in Fig. 8, with
a maximum at 31 K in good agreement to the experi-
mental maximum at 32.5 K. (iii) Our calculation of the
Hamiltonian parameters for the low temperature tetrag-
onal structure of Ba1−xSrxCuSi2O6 at nominal x = 0.1
show that the exchange interactions remain very similar
to the couplings of the T = 200 K tetragonal structure
of BaCuSi2O6. Clearly Ba0.9Sr0.1CuSi2O6, as well as
the tetragonal I41/acd BaCuSi2O6 phase display strong
intradimer antiferromagnetic Cu-Cu couplings (J1) and
significant nearest-neighbor dimer top-bottom antiferro-
magnetic couplings (J5) that release any type of possible
frustration between dimer layers.
FIG. 10. Detail of the BaCuSi2O6 unit cell with the first five
exchange paths between Cu2+ ions. Other ions are omitted
for clarity.
VII. CONCLUSIONS
We have experimentally confirmed the absence of a
first-order tetragonal-to-orthorhombic structural phase
transition in (Ba1−xSrx)CuSi2O6 by means of powder
synchrotron X-ray and neutron diffraction, NMR, ther-
modynamic measurements and density functional the-
ory calculations. We find that such a phase transition
is suppressed with strontium substitution. Furthermore,
the unit-cell volume decreases with increasing Sr content
and the intradimer magnetic coupling becomes slightly
reduced. Our DFT calculations for x = 0.1 for the
tetragonal I41/acd structures show the presence of strong
antiferromagnetic Cu-Cu intradimer couplings and non-
negligible antiferromagnetic nearest-neighbor dimer top-
bottom antiferromagnetic couplings that avoid any kind
of frustration between the dimer layers. The fact that for
the germanium substituted sample the phase transition is
also suppressed leaves us with a readily tunable system by
varying the substitution concentrations. First high-field
magnetic measurements on a powder sample with x = 0.1
at 2K reveal clear indications for a field-induced ordered
state, similar to the observations reported for the x = 0
parent compound. In contrast to the x = 0 material,
however, where the analysis of the critical properties are
plagued by uncertainties related to the presence of two
sorts of dimers as a consequence of the structural tran-
sition, the x = 0.1 material is free of this complication.
Therefore, detailed high-field measurements on this new
material may help to clarify the influence of structural
subtleties on the critical behavior of the field-induced or-
der.
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